Introduction
Pine Island, Thwaites, Haynes, Smith, Pope, and Kohler Glaciers are among the fastest-flowing glaciers in continental Antarctica [Rignot et al., 2011b] . Combined together, they drain one third of the West Antarctic Ice Sheet into the Amundsen Sea Embayment (ASE), or 393 million square kilometers. Their mass flux into the southern Pacific Ocean (280 ± 9 Gt/yr in 2007) [Rignot, 2008] is comparable to that of the entire Greenland Ice Sheet into the Arctic Ocean [Rignot and Kanagaratnam, 2006] . Since first revealed with satellite radar interferometry in the 1990s [Rignot, 1998 ], this sector has been significantly out of balance Chen et al., 2009; Rignot, 2002] due to glacier speedup [Rignot, 2001 [Rignot, , 2006 [Rignot, , 2008 Joughin et al., 2003] . Concurrent with the acceleration in ice flow, the glaciers have been thinning and their grounding-line positions-where ice goes afloat-have been retreating at a rate of 1 km/yr, one of the fastest retreat rates in the world [Rignot, 1998 [Rignot, , 2001 Rignot et al., 2013; MacGregor et al., 2012; Holland et al., 2008] . Together, the ASE glaciers are major contributors to sea level rise from Antarctica with about 0.28 ± 0.05 mm/yr between 2005 and 2010 [Shepherd et al., 2012] , which itself amounts to about 10% of the global sea level rise (3 mm/yr) [Church and White, 2011] . Together, these glaciers and their catchment basins combined contain 1.2 m global sea level rise.
Prior studies have shown that Pine Island Glacier sped up from 2.25 km/yr in 1974 [Crabtree and Doake, 1982; Williams et al., 1982; Lindstrom and Tyler, 1984] to >4 km/yr by 2008 Joughin et al., 2003; Rignot, 1998 Rignot, , 2008 . No change in speed was reported for the time period 2009-2010 [Joughin et al., 2010] . Satellite observations also showed that between 1996 and 2006, Thwaites Glacier Rignot, 2008] had been slowly widening, with no major change in speed over its fast-moving, central portion. Substantial changes in speed have been recorded on Smith Glacier, which accelerated 75% between 1996 and 2006 [Rignot, 2008] . No significant change in speed was noted between 1973 and 1992 for its neighbor Kohler Glacier [Lucchitta et al., 1994] .
Here, the mass flux from all the glaciers in the ASE over the last 41 years is revisited, combining data spanning from Landsat in 1973 to satellite radar interferometry data in 2013. We then estimate the mass flux of the glaciers and present maps of the evolution of ice flow over the entire drainage basin since 2006. We conclude with analysis and discussion of the nearly half-a-century evolution of this major sector of West Antarctica.
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Data and Methods
We derive ice velocity using data from the Landsat Thematic Mapper and MultiSpectral Scanner, the Earth Remote Sensing imaging radar satellite (ERS-1/2), the Advanced Land Observation System (ALOS) Phased-array L-band Synthetic Aperture Radar (PALSAR), the RADARSAT-1/2 radars, and the TANDEM-X mission.
Ice surface velocities prior to 1992 are from Landsat data. Using sequential images, average velocities are calculated from the displacements of recognizable surface features such as crevasses and rifts. Velocities for Pine Island Glacier in 1973 -1975 and 1986 -1988 and Thwaites Glacier in 1988 -1990 are from the National Snow and Ice Center (NSIDC); other velocity data are from this study. To track image features, we coregister the Landsat scenes with the 2004 Landsat Image Mosaic of Antarctica (LIMA) by selecting a set of ground control points with zero velocity and then calculate image offsets between registered images acquired at different times. LIMA registration accuracy is better than 1 pixel (30 m). Our results are in excellent agreement with those obtained prior to the advent of LIMA [Rosanova et al., 1998; Ferrigno et al., 1993; Lucchitta et al., 1994 Lucchitta et al., , 1995 . We estimate accuracy of the glacier displacements to be 4 pixels, yielding errors in ice velocity ranging from 16 m/yr to 60 m/yr depending on the time interval between images.
The ERS-1/2 data are 1 day repeat data from the winter of 1995-1996 processed interferometrically using a combination of ascending and descending passes [Joughin et al., 1998 ]. The remaining radar data are analyzed using a speckle tracking algorithm [Michel and Rignot, 1999] . Partial coverage of the glaciers is available in the winters of 1992 and 1994 during a 3 day cycle of ERS-1. The RADARSAT-1/2 data are 24 day repeat data from six winters between 2001 and 2006, fall 2011, and spring 2013 . The ALOS PALSAR data are 46 day repeat cycle data acquired during five consecutive winters between 2006 and 2011. The TANDEM-X data are 11 day repeat data, from the winter of 2012 and summer 2013. All data are calibrated and mosaicked together using the procedure described by Mouginot et al. [2012] . Errors in InSAR ice velocity (after 1992) are 5 m/yr [Rignot et al., 2011b; Mouginot et al., 2012] .
Ice fluxes are calculated by combining surface velocity from different years with ice thickness from year 2004 [Fretwell et al., 2013] corrected for temporal changes in ice thickness derived from time series of satellite altimetry data (see Table 1 For the other glaciers, we assume an acceleration in ice thinning at the grounding lineḧ 04 of 7% ofḣ 04 . This would mean that ice started thinning around 1988 with a quadratic increase since then. Thus, we neglect the glacier thinning that may have occurred during the period 1973-1988 [Jenkins et al., 2010] . We have no information on thinning rates prior 1992, but they were presumably smaller, because the glacier acceleration was less. Assuming a thinning rate of 1 m/yr, the glaciers may have been 15 m thicker in 1973 than in 1988, which corresponds to an error of about 1% on the ice flux.
The error in ice thickness is 40 m [Fretwell et al., 2013] . Estimates of flux error F integrate errors in velocity V and thickness H along flux gates as F = H V + V H. When a scaling factor is used to estimate flux, the associated error F is calculated as F = F 0 + F 0 , where is the scaling factor and F 0 the scaled flux (see supporting information).
is taken as 0.05.
In 1996 and 2008, a nearly complete mapping of ice velocity over the northernmost reaches of the entire ASE sector was possible. We detect the spatial pattern of change in ice velocity (Figure 1b ). Comprehensive mappings of velocity change are also available for 2009, 2010, and 2011 . Velocity mapping is only partial prior to 1996 or after 2011 due to a lack of data acquisition by satellites or the termination of satellite missions. In the upper reaches of Thwaites and Pine Island Glaciers, data coverage is incomplete due to sparse data acquisitions, combined with low coherence levels attributed to significant reworking of the ice/snow surface by weathering.
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Results
All glaciers and ice shelves in ASE experience some level of flow acceleration during 1996-2008, except for the slow-moving TEIS and Dotson Ice Shelf (Figures 1-3 ). Where we detect acceleration, the change in speed is also proportional to the speed, i.e., larger changes are detected over faster-moving portions of the glaciers. The changes in speed are not localized at the grounding line, i.e., they extend far inland, along all tributaries and on all glaciers. On Pine Island Glacier, a change in speed is detected almost over the entire drainage system, up to 250 km from the grounding line. Changes in speed extend nearly to the flanks of the topographic divides and are only limited by the detectability of the signal (± 10 m/yr). Note that this is the first time that the full extent of the speedup is presented, since the second full mapping of ice velocity of Pine Island Glacier (first one is 1996) took place only in 2006.
On Thwaites Glacier, changes in speed affect the entire portion of the system where InSAR velocities are available. The acceleration extends along the two main tributaries several hundreds of kilometers inland, to the limit of the 2008 mapping. On Haynes, Pope, Smith, and Kohler, the changes in speed affect the entire sector mapped with InSAR as well. In contrast, we detect no change in speed on Dotson Ice Shelf during that time period, consistent with results obtained in prior studies [Lucchitta et al., 1994] .
On Pine Island Glacier, the ice shelf flow speed ( Farther to the west is the Crosson Ice Shelf, fed by Pope and Smith Glaciers, which exhibits small changes in speed between 1973-1974 and 1984-1988 , when the ice shelf velocity was 0.6-0.7 km/yr, but which accelerated in the early 1990s to exceed 0.9 km/yr, i.e., a 50% speedup. Starting in 2006, the eastern side of Crosson (Figure 2d ) fed by Pope Glacier experienced a large velocity increase of > 60% in the last 25 km, which coincides with a major calving event, whereas the remainder of the ice shelf only sped up by 25%. (Figures 2d and 2h) . Thus, the ice front flux was constant at 5-6 Gt/yr MOUGINOT ET AL.
©2014. American Geophysical Union. All Rights Reserved. [ Rignot et al., 2013] The total ASE ice flux (Figure 4) increased from 189 ± 17 Gt/yr in the 1970s to 334 ± 14 Gt/yr in 2013, or +77%. During the first 30 years, ice discharge increased at a rate of 2.2 Gt/yr 2 . Between 2003 and 2010, the rate is 9.5 Gt/yr 2 , mainly due to the acceleration of Pine Island Glacier. The record flux year is 2007 with a total ASE ice discharge increasing by 20 Gt/yr in 1 year. After 2010, the total ice flux increases at 2.3 Gt/yr 2 , similar to the rate prior to 1996 (Figure 4) .
Discussion
The large acceleration in ice velocity and ice discharge of Pine Island Glacier between 2002 and 2008 coincides with a period of rapid retreat of its grounding line across an ice plain, a region grounded only a few tens of meters above hydrostatic equilibrium as identified in prior studies [Corr et al., 2001; Schmeltz et al., 2002; Thomas et al., 2004b] . The grounding line is now localized at the inland end of the ice plain [Park et al., 2013] . Both grounding line and flow speed of the glacier have been stable since 2009. This evolution of ice flow until 2009 is remarkably consistent with the modeling developed by Thomas et al. [2004a] , which was based on a fast retreat of the grounding line across the ice plain.
The changes in speed in the drainage basin of Pine Island Glacier are pervasive and more rapid than anticipated. In 1996, we observed ice velocity changes propagating more than 100 km over a 1 month period, i.e., in a mode that is not compatible with purely advective processes [Payne et al., 2004] but which indicates a rapid transmission of longitudinal stress gradients as predicted by [Thomas et al., 2004a] . Observed velocity changes always propagate in less than a year across the entire basin. These observations are consistent with the modeling of [Williams et al., 2012] suggesting that membrane stresses can be transmitted rapidly over the entire basin. Pure advective processes, in contrast, proceed on time scales of several decades [Payne et al., 2004] .
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A second major observation of recent changes in ice dynamics is the acceleration of Thwaites Glacier since 2006. Prior observations suggested that the glacier did not experience significant change in flow speed between 1992 and 2005. During a transition period between 2006 and 2008, as the main part of the glacier accelerated, the TEIS switched from accelerating to decelerating. Between 1996 and 2000, the TEIS was reported to be cracking up and rifting at its grounding line [Rignot, 2006] , which indicated excessive longitudinal straining of the ice shelf, i.e., the ice shelf was pulled away from the continent. This can only be explained from the entrainment of the TEIS by lateral shearing from the fast-moving main ice tongue. The region in between the two floating sections is a complex mixture of rifts, cracks, and icebergs trapped in a zone of intense shear: 4 km/yr to 0.6 km/yr in less than 1 to 9 km. We hypothesize that prior to 2006 the two ice shelves were strongly coupled, which explains the faster flow rate of TEIS. After 2006, the coupling must have decreased, with the result that TEIS decelerates. The physical processes responsible for the change in coupling are unknown at this time. They could be due to oceanic changes [Jacobs et al., 2011 [Jacobs et al., , 2012 , to the calving of the main ice tongue in 2010 , or to mechanical failure of the ice mélange. For instance, warmer waters beneath the ice shelf would melt the ice tongue faster, reduce back stress from the main glacier, and entrain speedup, which would significantly affect the mechanical rigidity of the mélange between the TEIS and the main ice tongue. After 2008, the TEIS accelerated again, but a restoration of the coupling between the two ice shelves seems unlikely as the main ice tongue calved in 2010. The recent acceleration might be better explained by a reduced buttressing of the pinning point at its terminus [Tinto and Bell, 2011; MacGregor et al., 2012] and/or the retreat of its grounding line due to enhanced thinning caused by warmer ocean water. This behavior requires further investigation using numerical modeling. It illustrates the important role of the TEIS in the overall evolution of Thwaites Glacier. The observations also indicate that changes in ice dynamics of Thwaites Glacier are just as significant as those of Pine Island Glacier. Thwaites Glacier is, however, 120 km wide and not confined in a valley [Fretwell et al., 2013] , hence with the potential for a much larger increase in ice flux if the flow acceleration continues at the same pace.
Between 1996 and 2008, the grounding line of Smith Glacier retreated across a 20 km long ice plain grounded only a few tens of meters above hydrostatic equilibrium [Rignot, 2006] . Ice thinning of several meters per year, recorded by altimeters, must have been sufficient to bring the ice plain to floatation, reduce buttressing at the grounding line, and entrain further speedup, thinning, and glacier retreat [Thomas et al., 2004a] . The Crosson Ice Shelf doubled its grounding-line ice flux in the last 41 years. The flow changes on Crosson Ice Shelf are proportionally larger than those on Pine Island and Thwaites Glaciers. Future studies should examine the apparent great sensitivity of Smith Glacier to thermal forcing from the ocean.
In complete contrast, Dotson Ice Shelf maintained a steady flow during the entire observation period. With an area-average thinning rate of 2.9 ± 0.3 m/yr [Rignot et al., 2013] , its ice front flux has remained steady or decreased slightly at about 5-6 Gt/yr [Rignot et al., 2013] , while its grounding-line flux continuously increased between 1981 and 2013 from 17 Gt/yr to 31 Gt/yr. The surface mass balance of the 5803 km 2 ice shelf did not change detectably during that period, but the ice shelf volume decreased significantly [Pritchard et al., 2012] . We attribute this evolution to an increase in ice shelf melting, caused by enhanced advection of oceanic heat beneath the ice shelf. The Dotson Ice Shelf has a shallow sub-ice shelf cavity inferred from the presence of numerous ice rises on its northern flank as well as in its center. With a surface mass balance of 16 ± 1 Gt/yr [Shepherd et al., 2012] , Kohler Glacier changed from near equilibrium in 1981 to well out of balance in 2013. Assuming Dotson Ice Shelf was also at equilibrium in 1981 and applying the principles of mass conservation between the ice front and the grounding line, we calculate that the area-average melt rate of Dotson Ice Shelf increases by 2.6 ± 0.4 m/yr in 32 years. If we assume a sensitivity of 10 m/yr/ • C, this enhanced melt rate (2.6 m/yr) combined with the thinning (2.9 m/yr) reported by Rignot et al. [2013] would imply that the average ocean thermal forcing beneath the ice shelf increased by about 0.55 • C in 32 years.
Despite steady flow at the grounding line of Pine Island Glacier since 2008 (Figure 3) , the ice discharge and mass loss of the ASE sector is increasing during the entire observational period, including in 2010-2013. On Pine Island Glacier, the speedup is propagating inland, which is inconsistent with the modeling claims of stagnation for the next 500 years [Joughin et al., 2010] but consistent with recent studies that indicate a strong coupling between glacier retreat and ice shelf melting [Favier et al., 2014] . The recent acceleration of Thwaites Glacier indicates that all the glaciers in the ASE sector are losing an increasing amount of ice into the ocean every year. These observations are a possible sign of the progressive collapse of this sector in response to the high melting of its buttressing ice shelves by the ocean.
Conclusions
Observations of the ASE of West Antarctica since 1973 indicate speedup of all the glaciers and a steady increase in ice discharge into the ocean from the collective ensemble of these large, major glaciers. During retreat across their respective ice plains, Pine Island and Smith Glaciers underwent a rapid increase in ice discharge. However, since 2009, the ice discharge of Pine Island has remained steady. Thwaites Glacier, which had experienced a steady flow since 1992, started to speed up in 2006 and has increased its ice discharge considerably since. The acceleration of Thwaites Glacier more than compensated for the recent stoppage of the acceleration of Pine Island Glacier. These satellite measurements and subsequent results are of importance to revise our understanding and projection of the evolution of this major part of West Antarctica. The velocity data analyzed in this study will be available at NSIDC as part of the MEaSUREs project. Until numerical ice sheet models coupled with realistic oceanic forcing are able to replicate these observations, projections of the evolution of this sector of West Antarctica should be interpreted with caution.
